Abstract-To improve the high frequency compensation performance, LCL-filter is used instead of L-filter in three-phase four-wire active power filter (APF). In this paper, the characteristic of LCL-filter is discussed. The three-loop control strategy with active damping using capacitor current feedback is introduced. Then the system stability is analyzed by bode and zero-pole diagram, especially considering the time delay of the control system. The results of simulation and experiment prove the effectiveness and stability of the proposed control strategy.
I. INTRODUCTION
As the power quality problem becomes more serious, active power filter (APF) is considered that has better compensation effect in compensating the harmonics and reactive power current since it doesn't depend on the parameters of the grid [1] .
Generally, APF is connected to the grid with single L-filter. But it has worse high frequency proformance. LCL-filter has been proposed to replace L-filter because it can suppress the switching harmonics and has better result with lower inductance.
As a third-order resonance system, LCL-filter may cause the system disability. Passive damping is widely used by adding a resistance in series with the capacitor. However, it will cause power consumption and decrease the attenuation ability. Active damping can reduce the power consumption and make the system stable by changing the structure of the controller. Besides, the time delay of control system also has a big influence on the stability. In [2] , [3] , the filter characteristic of LCL is given but it is used in active power rectifier. [4] , [5] have proved that passive and active damping are effective in APF, but it is just for three-phase three-wire APF and the influence of time delay is not put into consideration.
In this paper, a three-phase four-wire APF with LCL-filter is introduced. The system structure and the control strategy with active damping method is proposed and the stability is analyzed, with the consideration of system delay. Finally, simulation and experiment results of a 75kVA APF are provided to verify the effectiveness and stability of the proposed control strategy. 
II. SYSTEM MODEL ANALYZE

A. APF Principle
The structure of APF with LCL-filter is shown in Fig. 1 , where L, L g and C f form the three-order filter. APF detects the harmonic current to generate the reference current and provides the opposite harmonic current into the grid so that the grid current is sinusoidal. Meanwhile, it can also compensate the zero-sequence current by the control of the fourth bridge arm. The output filter should suppress the current ripple and satisfy the demand of current compensation. LCL-filter is adopted for its better performance.
B. Model and Characteristic Analysis of LCL-Filter
The single-phase block diagram of LCL-filter is shown in Fig. 2 .Where u i and i i are the output voltage and current of VSC and u g and i g are the voltage and current of power grid.
According to Fig. 2 , the transfer function of LCL-filter can be written as
Compared with the L-filter, LCL-filter is a three-order system and the bode diagram of both are shown in At high frequency, the attenuation rate of LCL-filter is 60dB/decade, which is much better than L-filter. At low frequency, they are almost the same. So the LCL-filter has better compensation performance. However, there is a resonance peak in LCL-filter, which may cause disability in the system. 
C. System Parameters
To select the parameter of LCL-filter, three factors should be taken into consideration: the current ripple, the reactive power generated by capacitor and the suppress ability of high frequency current [6] .
The parameter of the system is shown in Table I . 
III. CONTROL STRATEGY AND SYSTEM STABILITY
A. System Control Structure
The control block diagram is shown in Fig.4 . It consists of three control loops: the dc voltage loop, the compensation current loop and the capacitor current feed-back loop. The output current tracks the reference current and the capacitor current is fed back to keep the system stable. The selective harmonic detect method with zero phase sequence current is adopted, as shown in [7] . It is based on the instantaneous reactive power theory and detects both three-phase harmonic current and zero phase sequence current so as to make the three-phase current sinusoidal and balance.
The dc-bus voltage is regulated by a PI regulator to compensate the loss of the VSC and maintain the dc voltage. The output of PI regulator is added to the active power part to form the total reference current.
B. Stability Analysis
As the dc voltage loop has little influence on the system stability analysis, it can be ignored and only the current loop is considered. The most important part is the stability of LCL-filter with capacitor current feedback. The inner loop of the control system is shown in Fig.5 . Assuming K PWM =1, the transfer function of the inner current loop is
where K d is the feedback gain of the capacitor current. Considering the close-loop of the current control, the root locus of K d is shown in Fig. 6 In Fig. 6 , the poles of the system lie in the right half when K d =0 so that the system is unstable without damping method. The stable range is K d >0.928. So the introduce of the capacitor current feedback has the equal effect of the damping resistor but the power loss is much reduced. The bode diagram of LCL-filter with active damping is shown in Fig. 7 . Compared with Fig. 3 , the resonance peak is suppressed obviously and the high frequency suppressing ability is still 60dB/decade.
In real digital control system, there exists time delay because of the sampling and calculating. The influence of the time delay should also be analyzed because it may change stability or the parameter decision. The pole-zero mapping method in discrete system is used. The control system in Fig.  1 is discretized with zero-order method. When no delay is considered, the pole-zero map is shown in Fig. 8 . The system is unstable without damping, as discussed above. When active damping is added, the poles come into the unit circle, making the system stable.
The delay in control system will cause phase lag. Take the one control delay into the system, the pole-zero map is shown in Fig. 9 . When K d =3, the pole comes outside the unit circle, making the system unstable. When K d =10, the system is stable but the stable margin much smaller. It can be concluded that when the system has time delay, there still exists stable condition, but it will change the stability of the system under some certain parameter. So the time delay must be put into consideration, and the parameters should be selected again.
IV. SIMULATION RESULT
A three-phase four-wire APF simulation system is constructed as Fig. 1 and the parameters are the same as in TABLE.I Fig. 11 shows the grid current (i s /A) and zero-sequence current (i sn /A) without APF. The THD is 26.64% and with the unbalance load, the zero-sequence current is very high. Fig. 13 show the result of L-filter and LCL-filter. Using the L-filter, THD decreases to 8.45% but switching harmonic is high. When using LCL-filter with active damping, THD becomes 4.64% and switching harmonic is obviously suppressed. So LCL-filter has better high frequency compensation performance. Aiming to improve the compensation performance of the APF, the LCL-filter is used instead of L-filter. The model and the characteristic are analyzed and the control strategy with active damping is introduced. The influence to system stability of capacitor current feedback and control delay are discussed and the existence of delay time may change the system stability. Simulation and experiment results have proved that the LCL-filter and the control strategy are valid, the system is stable and the use of LCL-filter has good compensation performance. 
